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Abstract 
Nitrogen-containing organic matter in rain and aerosol makes up a substantial proportion – 25-35% – of the total nitrogen in 
atmospheric deposition.  Despite this quantitative significance, it is “invisible” in current policy; and existing global air quality 
and nitrogen deposition monitoring programmes routinely measure nitrate and ammonium but not the organic component. 
Although recent research, especially in Asia and Latin America, is helping to build up a global picture of organic nitrogen 
deposition, data sets are sparse and the chemical composition of the organic matter is relatively poorly characterised.  As a result, 
its role in ecosystems and Earth system processes remains unclear. Organic nitrogen should now be included in initiatives dealing 
with nitrogen deposition and its management.  
© 2010 Published by Elsevier Ltd. 
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1. Introduction
Atmospheric nitrogen deposition is a very topical environmental issue, and is therefore the focus of considerable
policy attention [1].  Throughout the industrialised world, reactive nitrogen species derived from nitrogen oxides 
(NOx) and ammonia (NH3) emissions contribute to air pollution, acid rain, the eutrophication of receiving aquatic 
ecosystems, and climate change.  Part of the reason emissions are so hard to control is that these species are 
intimately linked to two of the most basic human needs, food and energy: ammonia emissions are associated with 
intensive agriculture, and NOx with fossil fuel combustion, although both have various natural and anthropogenic 
sources [2].  In Europe and North America, acid rain legislation at national and regional scales has dealt very 
satisfactorily with point sources of emissions (e.g., factories, power stations). Now attention is focusing on the more 
intransigent challenges of diffuse sources.  For example, under the 1999 Gothenburg Protocol [3] of the UNECE 
Convention on Long-Range Transboundary Air Pollution (LRTAP), which sets out cfgorsommitments to abate 
acidification, eutrophication and ground-level ozone – all serious environmental issues in which nitrogen emissions 
to the atmosphere are implicated – measures as diverse as diesel engine improvements, altered manure-application 
practices, and changes to livestock feeding and grazing strategies are being recommended and implemented.  In 
addition, there is a shift towards “whole-cycle nitrogen management” [4,5].  
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Although the main processes of the nitrogen cycle are well-known, the details of the nitrogen cycle in different 
ecosystems and under different environmental conditions are still poorly understood.  Nitrogen (N) that is deposited 
or applied onto land can have a few possible long-term fates [6].  Some nitrogen is taken up by vegetation. 
Obviously in farming, N fertilizers are deliberately applied to agricultural soils to enhance plant growth, but 
typically less than half of what is applied is recovered in the harvested crop.  Some N can remain in the soil, mostly 
bound up in organic forms, but much leaches into groundwaters or drains into streams.  And finally, some N returns 
to the atmosphere, mostly through the processes of volatilization of ammonia and denitrification, in which nitrate is 
progressively reduced to simple dinitrogen gas, the N2 that makes up most of the atmosphere.  
Atmospheric reactive nitrogen species include an enormous variety of gas-phase compounds in addition to the 
NH3 and NOx already mentioned.  Nitrous oxide, N2O, deserves particular mention, although it is fairly unreactive in 
the atmosphere, because it is a greenhouse gas, and the human perturbations to the nitrogen cycle are causing it to 
increase in concentration in the atmosphere [7].  “Odd nitrogen”, denoted NOy. is the term used for photochemically 
active N-containing species (including NOx, HNO3, HONO, HO2NO2, NO3, radical NO·3, peroxyacetyl nitrate, 
N2O5, and the large family of organic nitrates).  These species are involved in many important chemical processes in 
the atmosphere, including aerosol formation and ozone production and destruction. Some NOy species are highly 
soluble in water, such as nitric acid and NOx, and can undergo wet deposition or wash-out in rain.  Dry deposition 
occurs when molecules sorb onto a surface or when aerosol particles fall down onto a surface due to gravitational 
pull, which can happen with all the NOy species, most of which are very much less soluble in water than NOx, nitric 
acid and ammonia. 
The species of particular interest in this paper are the very poorly understood water-soluble organic compounds. 
A significant proportion – typically between a quarter and a third – of the nitrogen in atmospheric aerosol and 
rainwater measured worldwide is in organic forms [8,9,10], but none of the nitrogen-controlling legislation currently 
addresses it.  Although the scientific understanding of this aspect of the nitrogen cycle is still rudimentary, a 
growing number of studies is beginning to present a clear enough picture for new hypotheses and new research 
directions to be explored, and the implications for N management policy to be considered.  The available rainwater 
organic N data have recently been collated [11].  Here, the implications of this newly compiled global picture are 
summarised.  
2. Analysis and composition of organic nitrogen 
The organic N dissolved in rainwater and present in atmospheric aerosol consists of compounds from many 
different chemical families.  This means that chemical characterization is more difficult than if the analysis were for 
a single compound.  It also means that the determination of the absolute amounts of organic N in a sample is more 
difficult.  In practice, bulk organic N analysis is carried out in a two-stage process, where the inorganic soluble 
species, nitrate, nitrite and ammonium, are measured first, and then some kind of chemical transformation is applied 
to convert the organic N to inorganic forms, when the total N is re-measured.  Dissolved organic N, then, is the 
difference between total dissolved N and dissolved inorganic N.   
The earliest and still most widely used transformation processes were chemical oxidation using strong oxidants 
such as persulfate or peroxide [12,13], photochemical oxidation using intense ultraviolet light [14], or a combination 
of both.  Newer methods involve high-temperature oxidation, usually with catalysts to increase the efficiency of the 
process [15,16].  The use of high-temperature catalytic oxidation (HTCO) methods appears to be substantially 
improving the precision of the analytical method for dissolved organic N, partly because the precision and detection 
limits of the HTCO instruments themselves are improving steadily with technical developments, and also because it 
has a higher efficiency for the conversion of organic N to inorganic forms (in HTCO, all is converted to the gas 
nitrogen monoxide, NO) and the risk of losses through leakage from the system is much lower than for “wet” 
chemical oxidation methods.   
Analysis for specific compounds or compound families indicates that the dissolved organic N consists of peptides 
and dissolved free amino acids (~20-50% of the measured organic N); urea (from <10% to nearly 100%); amines 
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(probably <<10%), aliphatic oxygenated N-containing compounds, and some aromatic (cyclic) compounds [17-25].  
Variability in composition is very high between samples, even from those collected at the same location.   
All these compound families observed in rainwater organic N have both natural and anthropogenic sources.  For 
example, synthetic urea is manufactured for many industrial uses and is also widely applied as fertilizer, but it is 
also a natural metabolic product for many animals (most mammals, and also amphibians and some fish) and is 
therefore ubiquitous in the environment, although it is very water-soluble, and under normal environmental 
conditions it rapidly breaks down to ammonia and carbon dioxide.  There is evidence of a substantial anthropogenic 
source for some (perhaps most) of the organic N in rain and aerosol.  This evidence consists of correlations between 
organic N concentrations with known anthropogenic species (non-sea salt sulfate, some trace metals); air-mass back 
trajectory analysis that allows air samples that have been exposed to human pollution source regions to be 
distinguished from more pristine environments; and a small body of natural abundance isotope studies.  There is also 
evidence of a substantial natural (often marine) source for some components, also based on multi-species 
correlations, and the chemical characterization of specific compounds known to have marine origins.    
All the main compound groups identified above are chemically labile, and are easily taken up by biota.  Most are 
bioavailable in a broadly positive sense – they are taken up by the biota as nutrients, although of course in nutrient 
enriched environments, this additional source of N is potentially problematic.  Some, particularly the aromatic 
polycyclic compounds may be biotoxic [26], especially in chronic dosings.   
3. Organic nitrogen data 
The global organic N data set has grown in a piecemeal way over more than a century, but it now covers most 
continents and marine environments (Table 1, Figure 1).  The cumulative picture shows that organic N is globally 
ubiquitous, although average proportions appear to differ regionally.  
Average rainwater concentrations sampled in marine environments are approximately 5-8 mol N l-1; northern 
hemisphere continental samples average around 10-20 mol N l-1, except North America, where most studies have 
been made, and where concentrations average approximately 25-30 mol N l-1. The few studies from China suggest 
a radically different environment with unprecedentedly high total N in rainwater samples, and organic N 
concentrations three or four times greater than in North America and five or six times greater than in Europe. The 
challenges of the intense pollution in China are well documented, and pollution concentration differences between 
China and the rest of the industrialised (and intensively farmed) world by factors of 3-8 are typical [27,28].  This 
difference looks astonishing, but it is important to bear in mind that most pollution data shows a lognormal 
distribution (a probability distribution with a long upper tail).  Arithmetic averages, as used here, hide this 
variability.  Very high concentrations of organic N are seen elsewhere in the world – just comparatively rarely.  
China is currently receiving an acute dose of nitrogen, but the rest of the industrialised world has been receiving 
chronic doses for a long time too.  What is more intriguing in the context of this study is the fact that the proportion 
of organic N to inorganic N in the Chinese studies seems to be consistent with other continental locations, even 
though the total N is so much greater.  This seems to suggest that organic N shares sources with inorganic N, most 
of which are directly or indirectly anthropogenic in China.  A clearer attribution of sources depends on systematic 
characterisation studies, none of which have yet been carried out on organic N in Chinese rainwater. 
Several caveats need to be set out for this very preliminary global collation of rainwater organic N data.  The 
data, as published in research articles over the last hundred years or so, are far from being fully consistent and 
comparable. Despite the complexity of the analytical process for organic N, information in the literature about 
sampling and analysis protocols is still seriously limited, even absent.   Some reports give concentrations of 
individual samples, while others report average values, or ranges, or even bulk multiple samples together for a single 
organic N analysis.  In some cases, only the proportion (as % organic N of total N) is given, rather than 
concentration.  Data sets are still mostly very short term, with sampling campaigns ranging from single events to 
weeks.  To date, sampling locations have been very sparsely distributed around the world. However, these data are 
all we have to work with so far.  
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Figure 1: Proportions of dissolved organic and inorganic N in rainwater, by region. Areas of the pie charts are proportional to mean 
concentration.  
Table 1: Organic N concentration in rainwater from different geographical regions (arithmetic averages of data from 125 comparable site-studies 



















Given the quantitative significance of organic N in atmospheric deposition, its likely bioavailability, and the 
mounting evidence of a significant anthropogenic source, why has organic N not been included in atmospheric 
deposition and emission monitoring programmes? 
Early presumptions were that the organic N was natural, background, locally-recycled material, at a time when 
most concern was about the deposition and long-range transport of anthropogenic N (because of the associated 
problems of acid rain, eutrophication and air quality).  The organic matter was poorly characterised, both in terms of 




mol N l-1 
Number of 
studies/ sites 
Pacific 5.5 5 
Baltic/North Sea 6.5 2 
Caribbean/Central America 7.1 5 
Australia/New Zealand 7.2 9 
Atlantic 7.9 8 
Asia (not China) 13 6 
Mediterranean 15 1 
Europe 18 22 
South America 23 7 
North America 32 58 
China 117 2 
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data have shown no clear patterns in their geographic distribution, so the issue of how to optimize a sampling 
programme for organic N has remained a difficult one.  The few available data show a very high degree of 
variability: in all regions, the standard deviation of the sampled data is at least the same magnitude as the mean 
concentration. This in itself is not necessarily unusual for environmental compounds, but combined with the early 
technical challenges in its analysis and the associated uncertainty in the measurements, there was comparatively low 
confidence overall in the data that were produced.  And finally, but by no means least influential in this context, 
there is (still) no simple, specific, field-deployable method for its analysis, unlike for other N species in rainwater, so 
any sampling campaign requires dedicated resources, rather than being easily incorporated into existing research and 
pollution assessment initiatives.  
4. Implications of including the organic fraction in global assessments 
There are several reasons why more attention should be given to the organic component of deposited nitrogen.  
Organic N plays a role in the formation of atmospheric aerosol (e.g., [29]), affecting atmospheric visibility, light-
scattering, and climate.  It is a component of polluted fogs and smogs [30,31], forms of atmospheric aerosol that are 
an environmental and public health concern.  Organic N-containing material is important in long-range N transport 
[19,32] – its removal processes by dry deposition and in rain are less effective than those for nitrate and ammonium, 
which are deposited closer to their sources.  And when it is deposited, it is known to be bioavailable [33,34], 
providing nutrients to marine, aquatic and terrestrial environments.  Beyond these rather general statements, 
however, there is a serious lack in detailed process and spatial understanding of organic N deposition. 
Better knowledge of this “invisible nitrogen” is needed for the understanding and management of pollution and 
nutrient enrichment.  In many ecosystems, particularly coastal zones (many of which have already experienced high 
levels of nitrogen enrichment) and sensitive forest and bog ecosystems that are adapted to low-nutrient regimes, 
exceedance of “critical loads” of nitrogen pollution are a serious concern.  Critical loads are a key concept in the 
LRTAP Convention, defined for specified sensitive elements of target ecosystems by making a quantitative estimate 
of the threshold of exposure to deposited pollutants below which “significant harmful effects” are not known to 
occur (methodologies and data sources are available from the Coordination Centre for Effects, www.mnp.nl/cce/).  
The introduction of the critical loads concept marked a significant shift in pollution management and also in 
international policy processes (discussed in [35]).  The problem of pollution was defined in terms of environmental 
consequences, and the management objective has shifted to minimizing the consequences, not adhering to fixed (but 
largely arbitrary) flat-rate emission limits.  This focus on improvements of environmental quality is an emerging 
theme in other recent policies, such as the EU Water Framework Directive [36], which instead of absolute standards 
has set objectives of “good chemical status” and “good ecological status” for Europe’s waters, giving the flexibility 
to accommodate the diverse characteristics and needs of natural ecosystems across the region.  However, the 
“invisibility” of organic N presents a couple of difficulties in the context of critical loads.  There is a lack of 
knowledge about how much organic N is being deposited along with the measured inorganic nitrate and ammonium. 
Although on average it appears to contribute roughly 25% of the total deposited N (as shown in Figure 1), it is 
highly variable, ranging from traces to nearly all the measured N, and the causes of that variability are not known.  
In other words, organic N greatly increases the “error bars” on estimates of N deposition.  In addition, there is a 
shortage of knowledge about its sources, its chemical composition and behaviour, environmental transformations 
and ecosystem consequences.  If indeed its anthropogenic sources are closely correlated with those of the inorganic 
species, then management approaches being instigated for nitrate and ammonium may also deal with the organic N 
adequately.  However, it may have different sources and the management responses may not be effective or 
appropriate. For example, if a management intervention enhanced the conversion of ammonia to organic N that is 
later deposited, measuring the system’s “total N” as NH3 + NOx would show the desired reduction, but NH3 + NOx + 
organic N would still be constant – the real N problem would then just be unobserved, rather than actually resolved.  
The inadequacies of knowledge about organic N could thus delay progress towards improved environmental quality.  
In practical terms, efforts for integrated N management at the farm level are increasingly reliant on estimates of 
plant Nitrogen Use Efficiency and Nitrogen Input-Output Balances, both of which have been proposed as indicators 
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under the LRTAP Convention and its national and regional implementation legislation.  In both these measures, 
there is a need for precise (or at least, well-constrained) assessments of the nitrogen being provided to the system, 
emitted from it, and stored within its different compartments (plants, soil, water).  Again, the near-invisibility of the 
organic component adds considerable uncertainty to these measures. 
The direct pollution effects of nitrogen are not the only issue that would be elucidated with a better understanding 
of the organic component.  Nitrogen enrichment is recognised as a threat to biodiversity in many parts of the world, 
and nitrogen deposition is therefore an indicator for assessing progress towards the targets of the Convention on 
Biological Diversity [37].  As Earth system modelling develops and the understanding of the carbon cycle becomes 
ever more refined, the spotlight is shifting to the “controls” on the carbon cycle, of which N is an important one.  Of 
particular relevance to climate change are combustion processes, agriculture, forestry and the land and marine 
“carbon sinks”.  More integrated understanding is needed of the coupled dynamics of carbon and nitrogen cycles.  
5. Conclusions 
Despite over a century of published organic N data, the overall scientific picture of organic N deposition is still 
too sketchy for application in addressing present-day real-world pollution challenges.   The fundamental data 
shortage can be resolved by exploiting the recently developed consensus on sampling and analysis protocols and 
extending the activities of the already established atmospheric deposition networks monitoring nitrogen pollution in 
the most anthropogenically perturbed regions of the world. In the context of several major environmental 
conventions such as the LRTAP Convention and the UN Framework Convention on Climate Change, extensive 
international field study networks have been developed, such as Fluxnet, (www.fluxnet.ornl.gov), a worldwide 
network of regional meteorological and CO2 emissions observatories, and the marine atmospheric science network 
created for the former programme AEROCE (www.igac.noaa.gov/newsletter/24/aeroce.php).  If these field stations 
were used for organic N sampling (as several are for inorganic N), a global database of organic N measurements 
would rapidly be constructed.  
Observation programmes should be supported in key regions: the highly anthropogenically impacted areas of 
Asia; the near-pristine polar and marine environments; and Africa and Latin America where rapid perturbations are 
projected for the future, associated with industrialisation and demographic changes. 
Many new analytical techniques now exist, with improved precision and preparation methods. Mass spectrometry 
coupled with different pre-analysis and separation methods now permit the elemental and charge fingerprinting of 
specific compounds, the isotopic signatures of the organic material, and even the full chemical characterisation of 
single aerosol particles. These chemical insights, combined with temporal and spatial data on deposition and source 
or precursor emissions will give us the foundations we need in order to capture and model the dynamics, behaviour 
and impacts of organic N. 
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